rsh can St ; 
eee OVERSIY OF ino 
ne ee AIBRARYy ge 
JULES D7 
| Led 196 


CriCAag 


of Members Made 


of Materials That Creep 


by 


a | . O. M. Sidebottom 
G. A. Costello 


S$. Dharmarajan 


ERSITY OF ILLINOIS BULLETIN 


A REPORT OF AN INVESTIGATION 


Conducted by 

THE ENGINEERING EXPERIMENT STATION 

and 

- THE DEPARTMENT OF THEORETICAL AND APPLIED MECHANICS 
OF THE UNIVERSITY OF ILLINOIS 


In Cooperation with 
THE MATERIALS LABORATORY OF THE WRIGHT AIR DEVELOPMENT CENTER 
OF THE UNITED STATES AIR FORCE 


Price: One Dollar be eg 6 Ae Aes i: Sos 


UNIVERSITY OF ILLINOIS BULLETIN 2) gan 
Volume 58, Number 85; July, 1961. Published nine times each. eres by the Universit of a PEE tae 


ois, Entered as second-class matter December 11, 1912, at the post office at Urbana, II i. 
under the Act of August 24, 1912, Office of Publication, 49 Weaete o ay ig ate, i oa 


Theoretical and Experimental Analyses 
of Members Made 
of Materials That Creep 


by 


O. M. Sidebottom 


PROFESSOR OF THEORETICAL AND APPLIED MECHANICS 


G. A. Costello 


ASSISTANT PROFESSOR OF THEORETICAL AND APPLIED MECHANICS 
S$. Dharmarajan 


FORMERLY RESEARCH ASSOCIATE IN THEORETICAL AND APPLIED MECHANICS 


(Assistant Professor of Engineering Mechanics, San Diego State College) 


ENGINEERING EXPERIMENT STATION BULLETIN NO. 460 


UW) ard = | 


© 1961 BY THE BOARD OF TRUSTEES. OF PELs 


UNIVERSITY OF ee i: en 


ACKNOWLEDGMENT 


This investigation was conducted as a part of the work of the Engineering 
Experiment Station of the University of Illinois, of which Professor Ross J. 
Martin is the Director, in the Department of Theoretical and Applied Mechanics, 
of which Professor T. J. Dolan is the Head. The part of the investigation dealing 
with test members made of 17-7PH stainless steel and Ti 155A titanium alloy 
was sponsored by the Materials Laboratory of the Wright Air Development 
Center, Dayton, Ohio [Contract No. AF 33(616) — 5658 with R. F. Klinger 
acting as project engineer]. The part of the investigation dealing with plastics 
was initiated by a grant in aid donated by the Polychemical Department of E. I. 
duPont de Nemours & Co., Inc., who also donated the nylon plastic. 

Part of the work described herein was performed by George A. Costello while 
satisfying the thesis requirements for the degree of Doctor of Philosophy in 
Theoretical and Applied Mechanics at the University of Illinois. Other parts 
were performed by 8. Dharmarajan, John L. Gubser, and Robert E. Carlson 
while satisfying the thesis requirements for the degree of Master of Science in 
Theoretical and Applied Mechanics at the University of Illinois. Acknowledg- 
ment is also due to Professor J. O. Smith for his initiation of the contract with 
Wright Air Development Center. 


CONTENTS 


Vil. 


INTRODUCTION 


A. 
B. 


. THEORY 


. Assumptions 


moOw > 


Preliminary Statement 


Purpose and Scope 


. Arc Hyperbolic Sine Theory 
. Elastic Load-Deflection Relations 
. Modified Secant Formula 


Interaction Curve — Moment-Load Curve Theory 


MATERIALS AND METHOD OF TESTING 


A. 
B. 
G 
D. 
. DISCUSSION OF RESULTS 
A. 
B. 
es 


. SUMMARY AND CONCLUSIONS 


Materials and Test Members 

Method of Testing 

Properties of Materials 

Loading Fixtures for Beams and Eccentrically Loaded Members 


Beams 
Eccentrically Loaded Tension Members 
Eccentrically Loaded Columns 


A. Summary 


B. 
. REFERENCES 


Conclusions 


APPENDICES 
A. Four-Place Tables of By 
B. Four-Place Tables of Cy 


FIGURES 


30. 


31. 


. Typical creep curves 
. Typical isochronous stress-strain diagram 
. l-section member showing dimensions of cross-section loading 


arrangement and strain distribution 


. Dimensionless curves for obtaining bending moment and angle 


change in beams 


. Family of curves for a rectangular-section member used in 


determining the value of q 


. Family of curves for a T-section member used in determining 


the value of q 


. Family of curves for a rectangular-section member used in 


determining P 


. Family of curves for a T-section member used in determining P 
. Comparison of theoretical P/A-deflection curves for rectangular- 


section columns 


. Coefficients to be used in connection with collapse loads 


obtained by modified secant formula 


. Nylon test members 

. Canvas laminate test members 

. 17-7PH stainless steel and Ti 155A titanium alloy test members 
. Tension creep curves for canvas laminate 

. Compression creep curves for canvas laminate 

. lsochronous stress-strain diagrams of canvas laminate 

. Tension creep curves for Zytel 101 nylon 

. Tension isochronous stress-strain diagrams for Zytel 101 nylon 

. Creep furnace showing 6-in. creep specimen and extensometer 
. Fixture for testing creep compression specimens at elevated 


temperatures 


. Tension creep curves for 17-7PH stainless steel at 972° F. 
. Compression creep curves for 17-7PH stainless steel at 972° F. 
. Tension and compression isochronous stress-strain diagrams for 


17-7PH stainless steel at 972° F. 


. Tension and compression isochronous stress-strain diagrams of 


Ti 155A titanium alloy at 772° F. 


. Fixtures for testing beams 
. Fixture used in applying eccentric tension load 
. Eccentrically loaded tension member in the elevated temperature 


creep machine 


. Fixture used in testing eccentrically loaded columns 
. Creep curves for nylon and canvas laminate beams subjected to 


pure bending 


Moment-deflection curves for T-section Zytel 101 nylon beams 
subjected to pure bending 


Moment-deflection curves for rectangular-section canvas 
laminate beams subjected to pure bending 


FIGURES (Cont'd) 


32. 
33. 


34. 


32; 


36. 


37. 


38. 


39. 
40. 


Al. 


42. 


43. 
44, 


AS, 


46. 


Creep curves for statically indeterminate canvas laminate beams 


Load-deflection curves for statically indeterminate canvas 
laminate beams 


Load-deflection curves for eccentrically loaded tension members 
of Zytel 101 nylon 


Load-deflection curves for eccentrically loaded rectangular- 
section tension members of canvas laminate 


Load-deflection curves for eccentrically loaded tension members 
of 17-7PH stainless steel 


Moment-load curves for Ti 155A titanium alloy tension members 
having an initial eccentricity of 50% of the depth 


Deflection-time curves for rectangular-section columns of 
canvas laminate 


Deflection-time curves for T-section columns of canvas laminate 


P/A-deflection curves for rectangular-section columns of 
canvas laminate 

P/A-deflection curves for T-section columns of canvas laminate, 
I7r=50:2 

Deflection-time curves for rectangular-section columns of 
17-7PH stainless steel 


Deflection-time curves for T-section columns of 17-7PH stainless steel 


P/A-deflection curves for rectangular-section columns of 
17-7PH stainless steel 


P/A-deflection curves for T-section columns of 17-7PH stainless 
steel, |/r=60 
Moment-load curves for Ti 155A titanium alloy columns 


TABLES 


iF 


OF WN 


9. 


Isochronous Stress-Strain Properties of Canvas Laminate and 
Zytel 101 Nylon 


. Data for Beams Made of Plastics 

. Data for Eccentrically Loaded Tension Members Made of Plastics 
. Data for Eccentrically Loaded Tension Members Made of Metals 
. Collapse Load Data for Eccentrically Loaded Columns Made of 


Canvas Laminate 


. Deflection Data for Eccentrically Loaded Columns Made of 


Canvas Laminate 


. Collapse Load Data for Eccentrically Loaded Columns Made of 


17-7PH Stainless Steel and Tested at 972° F. 

Deflection Data for Eccentrically Loaded Columns Made of 
17-7PH Stainless Steel and Tested at 972° F. 

Collapse Load Data for Eccentrically Loaded Columns Made of 
Ti 155A Titanium Alloy and Tested at 772° F. 


Appendix A. Four-Place Tables of By 


Appendix B. Four-Place Tables of Cy 


35 


39 


36 


37 


37 


38 


39 
40 


4] 


Al 


42 
43 


43 


45 
46 


27: 
34 
36 
38 


40 


42 


44 


44 


45 
50 
ot 


<— 


z oe 2a a I. a 
i - 5 ee i ise fe ¥ ny 
+ = -, ii 24 ou a 
ick, : r 
' 
? 
wee 
Hee erect 
L 
te sel Ope eteee <p qi Whe a 
7 
fete ctry tht a — 
’ as fink hia ae ae ss 4c 
ree sone 
,/* I r ee Ay pe S 
i ian 
Hieron at i 
' oy D 
~ i y - a 
' : Ts aw Cunt ¥iF 
’ ? a : _ 2 
. iA wr Lad it 
‘ te. 4 is : an 
0a) 
ry Sane , 
wd Sie tents Le we hy 
Sapemrer eon CF 
a i ¢ oe | é / rs 
x ae a 
is Ne Ge ny aed i 
; ¢ 27 ; 
< @ 
a4 aoe? gins bred Air ei d, 
TAY a UA his. i 
Parry _ © ee =~ J aT 
7 é © Gul ee) Ean wa : 
' _ Ass NF * As 
. ~* - 4 en VS a a 
o> is 4 ts 
qv Re cret* 
avi 7 
é ih “1 85 
as 
fe 2 hp ae r — 
‘+ o°he 


o i sah 


l. INTRODUCTION 


A. PRELIMINARY STATEMENT 


Progress in technology requires more efficient 
utilization of materials by the engineer. Hence the 
engineer in designing a load-carrying member must 
be informed as to the various properties of the 
materials and also as to the design procedures for 
making use of these properties. One property which 
has become increasingly important in design is 
creep. The design procedures, as well as the experi- 
mental data, presented in this bulletin should aid 
in alleviating some of the difficulties in the problem 
of design for creep. 

As the authors see it, the problem of design for 
creep is that of predicting the load and resulting de- 
formation of a load-carrying member necessary to 
produce a specified strain in the most strained fibers 
of the member in a specified time. An exact analysis 
requires that the stress-strain-time-temperature re- 
lation be known for the material. Usually the prob- 
lem is simplified by assuming constant temperature; 
however, even then the stress-strain-time relation 
is not known for real materials. This means that 
the design procedure must be based on certain ap- 
proximations. In general, investigators in this field 
have made 1 or 2 types of approximations. One is 
to idealize the material so that the stress-strain- 
time relation is known, and the other is to assume 
that the stress-strain-time relation for the material 
is given by the constant stress-creep curves. 

In idealizing the material, some investiga- 
tors’ * ®)* have assumed that the material was 
viscoelastic and could be represented by various 
models composed of springs and dashpots. In deriv- 
ing load-deflection relations for beams and ec- 
centrically loaded columns, Kempner in one paper”? 
assumed that the material could be represented by 
linear springs and dashpots, and, in another 
paper,®) by a linear spring and nonlinear dashpot. 
In treating the column problem, Hilton“ assumed 
that the column was made of a generalized visco- 
elastic material. One of the difficulties in idealizing 
the material lies in the fact that a model which 


* Superscript numbers in parentheses refer to corresponding entries 
in the bibliography. 


approximates closely the material behavior is too 
complex to be easily analyzed. 

Based on the assumption that the stress-strain- 
time relation for the material is given by the con- 
stant stress-creep curves, two different approaches 
have been used in deriving theoretical load-deflec- 
tion relations for beams and eccentrically loaded 
members for which the action line of the loads is 
parallel to the axis of the member. In one approach 
an equation is sought which will represent a family 
of creep curves such as those shown in Figure 1. 
The other approach considers design for a specified 
time t,. From the intersection of a vertical line 
AB (Fig. 1) with the creep curves for time ¢, a plot 
may be obtained for corresponding values of stress 
and strain as shown in Figure 2. This plot is called 
the isochronous stress-strain diagram for time f, 
and is used in the derivation of the theoretical 
relations for time f¢,. 

In attempting to find a relation which would 
represent a family of creep curves, many investi- 


gators‘* ** have neglected the nonlinear first 
aS 
Ss 
= 
G 
o 
! 
| 
| 
A 
Time 


Figure 1. Typical creep curves 
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Stress 


Strain 


Figure 2. Typical isochronous stress-strain diagram 


stage of the creep curve and have assumed the time 
dependence of creep to be a linear function of time. 
Theories based on this analysis cannot be used to 
predict behavior of members loaded for only a short 
time. Other investigators™ * ® 7° have considered 
the fact that creep is a nonlinear function of time. 
Pao and Marin“) assumed that the stress-strain- 
time relations in tension and compression are iden- 
tical and are defined by the relation 


e=- + Kor (1 — eo) + Bort (1) 


where « is total strain, o is stress, t is time, and E, 
K, a, g, n, and B are experimental constants. Find- 
ley, Poczatek, and Mathur? assumed that the 
stress-strain-time relation in tension and compres- 
sion could be represented by an equation of the form 


€ 
wt a o 
in which ¢9’, m’, n, and oo are experimental constants 
which may be different for tension and compression. 
This expression was found to give an excellent 
representation of creep data for several plastics. It 
should be noted that the stress dependence in Equa- 
tion 2 is of the same form as that in the activation 
energy theory advanced by Kauzmann.“” In a 
recent book by Finnie and Heller,“ several of the 


o =o) sinh 


relations, which have been proposed to represent the 
creep curves, are discussed relative to their use in 
the design of load-carrying members. 

If the time variable is assumed constant, Equa- 
tion 2 becomes 

¢ = oo sinh, (3) 

€ 
Equation 3 represents the isochronous stress-strain 
diagram in Figure 2 if Equation 2 represents the 
creep curves in Figure 1. It will be noted that 
Equation 3 has 2 variables instead of 3 and only 
2 experimental constants must be determined in- 
stead of 4. Experimental constants o) and e) in 
Equation 3 may be different for different values of 
time; however, o will have to remain constant if 
Equation 2 is used. Hence, Equation 3 will in gen- 
eral give a better approximation of the isochronous 
stress-strain diagram than either Equation 1 or 2 

will approximate the creep curves. 

Carlson and Manning”) used the isochronous 
stress-strain diagrams of the material to derive 
theoretical buckling loads for eccentrically loaded 
columns; however, they did not represent the dia- 
grams by an are hyperbolic sine curve (Eq. 3). 
They found the theory to be conservative by 20% 
to 60%. This great difference between the theo- 
retical and experimental collapse loads is believed 
to result from the fact that the isochronous stress- 
strain diagrams obtained from compression creep 
specimens were probably in error. The authors 
have undertaken many investigations in recent 
years (13, 14: 15, 16, 17,18,.19, 20,21) and have found thas 
theories based on Equation 3 adequately predicted 
the experimental results. 


B. PURPOSE AND SCOPE 


The purpose of this investigation may be sum- 
marized as follows: 


1. To present a theory for predicting the load- 
deflection curves for beams, centrally loaded col- 
umns, and eccentrically loaded tension members 
and columns, based on the are hyperbolic sine curve 
representation of the isochronous stress-strain 
diagram. 

2. To bring together the results of several ex- 
perimental investigations comparing theoretical and 
experimental load-deflection curves for metal mem- 
bers at elevated temperatures and for plastic mem- 
bers in a controlled atmosphere room. 

3. To consider the suitability of using a modi- 
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fied secant formula for predicting the collapse loads 
and the maximum deflections of eccentrically 
loaded columns made of materials that creep. 


In the development of the theory referred to as 

the are hyperbolic sine theory, simplifying approxi- 
mations were used. A qualitative analysis of the 
effect of these approximations is presented to de- 
termine whether they will make the theory conserv- 
ative or nonconservative. A theoretical analysis is 
presented for a general I-section member made of 
a material whose isochronous stress-strain diagrams 
in tension and compression are identical and can 
be represented by Equation 3. Using the theory, 
dimensionless moment vs. angle-change curves were 
constructed for beams to be used in the design of 
beams for either strength or deflection. Also, 2 
families of dimensionless curves were constructed 
_ for eecentrically loaded members (tension members 
or columns for which the action line of the loads is 
parallel to the axis of the member). One family of 
curves is used to locate the neutral axis of the ec- 
centrically loaded member and to determine the 
deflection. The other family of curves is used to 
calculate the load once the neutral axis has been 
located. Except for the rectangular section, these 
families of curves have to be constructed for each 
cross-section having different relative dimensions. 
If the initial eccentricity is less than 5%, a modi- 
fied secant formula may be used to compute the 
collapse load and column deflection without the 
use of these families of curves. 

The experimental part of the investigation in- 
cluded tests of members made of two plastics and 
two metals. High pressure canvas laminate and 
Zytel 101 nylon members were tested in a con- 
trolled-atmosphere room, 17-7PH stainless steel 
members were tested at 972° F. and Ti 155A 
titanium alloy members were tested at 772° F. 
Tension and compression creep specimens were sub- 
jected to constant loads in order to obtain the ex- 
perimental constants for Equation 3. The beams 
and eccentrically loaded members had either a 
rectangular section or a T-section in order to check 
the validity of the theory for various cross-sections. 

The duration of each test for test members made 


of plastics was 1,000 hours or until collapse in the 
case of the columns. In the investigations of mem- 
bers made of canvas laminate, constant load tests 
were made on 4 beams subjected to pure bending, 
8 statically indeterminate beams, 4 eccentrically 
loaded tension members, and 27 eccentrically loaded 
columns with slenderness ratios of 30, 50, and 70 
and initial eccentricities of 2%, 5%, and 25% of 
their depths. Nylon test members were limited to 
4 straight beams and 4 eccentrically loaded tension 
members. In all cases good agreement was found 
between the experimental data and the arc hyper- 
bolic sine theory. 

Only short-time tests were considered for the 
metal members. Except for the columns which 
buckled at various intervals of time, the test dura- 
tion was 30 minutes for all test members. Constant 
load tests were made on 11 eccentrically loaded 
tension members and 29 eccentrically loaded col- 
umns made of 17-7 PH stainless steel. The columns 
had slenderness ratios of 50, 60, 75, and 100 and 
were subjected to initial eccentricities of 5% and 
25% of their depths. Good agreement was found 
between the are hyperbolic sine theory and the 
experimental data. 

The test members made of Ti 155A titanium 
alloy were subjected to 2 different aging tempera- 
tures in their heat treatment. Three eccentrically 
loaded tension members and 20 eccentrically loaded 
columns were aged at 1085° F.; the columns had 
slenderness ratios of 50, 60, 75, and 100 and were 
subjected to initial eccentricities of 5% and 25% 
of their depths. Four columns were aged at 972° F.; 
they had a slenderness ratio of 75 and were sub- 
jected to initial eccentricities of 5% and 25% of 
their depths. In the case of the titanium alloy, the 
inelastic deformation was primarily time independ- 
ent, and the isochronous stress-strain diagram 
could best be approximated by 2 straight lines. 
Consequently, the experimental data were analyzed 
using the interaction curve —moment-load curve 
theory presented in a previous bulletin.“*) Good 
agreement was found between theory and experi- 
ment. 


ll. THEORY 


This section presents the theoretical relations 
necessary to construct theoretical load-deformation 
curves for beams and eccentrically loaded mem- 
bers for which the action line of the loads is parallel 
to the axis of the member. Two different theories 
are considered. 

If the inelastic deformation of the material is 
time-dependent creep, the isochronous stress-strain 
diagram of the material is represented by an arc 
hyperbolic sine curve, Equation 3. The theory 
based on this stress-strain diagram is called the are 
hyperbolic sine theory. A discussion of the assump- 
tions necessary to develop this theory will be pre- 
sented, followed by the derivations of the necessary 
theoretical relations. 

If the deformation of the material is predom- 
inantly time independent, the isochronous stress- 
strain diagram of the material can be more accur- 
ately approximated by 2 straight lines. The theory 
for this stress-strain representation is called the 
interaction curve — moment-load: curve theory. 
Since this theory was presented in a previous bul- 
letin,°?) only the derived relations will be presented 
herein. 


A. ASSUMPTIONS 


Theoretical relations will be derived to predict 
the load-deflection curves of beams and eccentri- 
cally loaded members made of materials that creep. 
The assumptions made in this theory for time- 
dependent inelastic deformation will be the same as 
that made in a previous bulletin?) for time inde- 
pendent inelastic deformation. In deriving the 
theoretical relations, 3 assumptions were made: 

1. Plane sections remain plane. 

2. The stress-strain relation for each fiber of a 
beam or eccentrically loaded member is the same as 
that obtained from tension and compression speci- 
mens. 

3. The deflected configuration of the eccentri- 
cally loaded member is either a segment of a circle 
or a cosine curve. 


The first assumption is usually made by all 


investigators. The second assumption is also gen- 
erally accepted by all investigators as long as the 
inelastic deformation is time independent. 

In case the inelastic deformation is time de- 
pendent creep, an isochronous stress-strain diagram 
for a specified time can be obtained from constant- 
stress tension or compression creep curves. For a 
theory based on this stress-strain diagram it is 
assumed that the stress in any fiber of a member 
does not change with time. Since the stress distri- 
bution in beams and eccentrically loaded members 
changes with time as the result of creep, the second 
assumption, listed above, introduces an error into 
the theory. In the most strained fibers of beams and 
eccentrically loaded tension members subjected to 
constant load, the stress decreases with time from 
some value o, to the final value o (corresponding 
to the specified time) so that the strain in the most 
strained fibers of the beam corresponding to stress 
o is greater than that obtained from tension or com- 
pression specimens subjected to constant stress o 
for the same duration of time. Thus, the deflection 
in these members is greater than that predicted by 
the theory. In contrast to the beams and eccentri- 
cally loaded tension member, the assumption results 
in a conservative estimate of the deflection for 
eccentrically loaded columns. 

The load and moment at various sections of the 


‘eccentrically loaded member are related through 


the configuration of the deformed member, since the 
moment at a given section is equal to the product 
of the load and the distance from the action line of 
the load to the centroid of the section. The exact 
configuration of the member is difficult if not im- 
possible to obtain; therefore, 2 different approxima- 
tions of the configuration of the member are con- 
sidered as indicated by the third assumption. The 
assumption that the member deforms into a seg- 
ment of a circle requires that every section of the 
eccentrically loaded member be subjected to the 
same moment as the central section. For an eccen- 
trically loaded tension member, the central section 
has the smallest eccentricity. Since every other 
section has a greater moment than that assumed 


ine 
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Figure 3. I-section member showing dimensions of cross-section loading arrangement and strain distribution 


by the theory, the theoretical deflection will be non- 
conservative (i.e. less than actual). In the case of 
eccentrically loaded columns, the central section 
has the largest moment; therefore, the theoretical 


moment at all other sections will be greater than 


actual, and the theoretical deflection will be con- 
servative (i.e. greater than actual). The segment of 
circle assumption is exact if the initial eccentricity 
approaches infinity; conversely, the error becomes 
large for small initial eccentricities. 

In many cases, the initial eccentricity of col- 
umns is small and so the error introduced by the 
segment of circle assumption is too large although 
conservative. If the column is assumed to deform 
into a cosine curve, the theoretical moment at the 
end is assumed to be zero while the actual moment 
at the end is equal to the product of the load and 
the initial eccentricity. For this assumption the 
theoretical moment at every section except the cen- 
tral section -is less than actual, and the theoretical 
deflection will be nonconservative (i.e. less than 
actual). If the initial eccentricity of the column is 
small, the cosine curve assumption gives an accur- 
ate estimate of the column deflection. 

The second assumption introduces an error into 
the theory for beams, while the second and third 
assumptions introduce errors into the theory for 
eccentrically loaded members. The beam test data 
indicate that the error is not large and that the 
theory can be made conservative in most cases by 
reducing the theoretical load by 5%. The test data 
for the eccentrically loaded members indicate that 
good agreement will be found between theory and 
experiment if the theoretical load is decreased by 


10% for eccentrically loaded tension members as- 
sumed to deflect into a segment of a circle and 
increased by 10% for eccentrically loaded columns 
assumed to deflect into a cosine curve. 


B. ARC HYPERBOLIC SINE THEORY 


If the inelastic deformation of a member is com- 
pletely time dependent, i.e., due to creep, the 
isochronous stress-strain diagram of the material 
can be accurately approximated in most cases by 
an are hyperbolic sine curve relation represented by 
Equation 3. Using this relation between stress and 
strain, theoretical relations will be derived in this 
article for constructing load-deflection curves for 
beams and eccentrically loaded members. 

It is assumed that the problem in design for 
creep is to determine the load and resulting deflec- 
tion necessary to produce a specified strain in the 
most strained fibers of a member in a given time. 
Consider the general I-section member shown in 
Figure 3. The member is subjected to a load P 
and moment M necessary to produce a strain ¢; in 
the most strained fibers and to locate the neutral 
axis at a distance ght from the most strained fibers. 
With the strain distribution known, the stress dis- 
tribution is obtained using Equation 38, and the 
magnitude of P and M can be determined from the 
equations of equilibrium. 


P =[oda (4) 


M =[(y-—doda (5) 


In integrating these equations, it is convenient to 
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CY, for T-section 


bw— h=/6¢ —e| 


5.0 To /0 


Figure 4. Dimensionless curves for obtaining bending moment and angle change in beams 


make e the variable instead of y by using geometri- 
cal relations. Equations 4 and 5 integrate into the 
following equations: 


ht? 
tee = 22 |b Be — (b) — 1) Boog 
+ (b. — 1) LEDs — Us Bex | (6) 
2p243 
M = sae lo: Cx — (bi — 1) Oa 


+ (2 — 1) Ctx — by Coax | 
= (GSO ya res (7) 


in which K = e/e. In these equations the func- 
tions By and Cy are defined as follows: 


By = Nlog. (N +N? 4+1)—-—VN24+1. (8) 


Cw = [ [Cl + 2N2) log. (N +-V NF +1) 


—-NVN?4+1] (9) 


in which N represents the various subscripts for B 
and C in Equations 6 and 7. Four-place tables of 
By and Cy are given in appendix A. The values in 
these tables are for positive values of N; in case N 
is negative, Bi-vy) = Buy) and Civ) = — Caw). 
Equations 6 and 7 are sufficient to analyze 
beams made of materials that creep. If the load 
P is assumed zero for a specified strain ¢,, Equation 
6 is used to locate the neutral axis, and the moment 
is determined by using Equation 7. Additional re- 
lations are needed for the eccentrically loaded 
members, since the load and moment are related 
through the initial eccentricity and the deflection. 
Equations 6 and 7 are based on the assumption 
that the properties of the material are the same for 
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Figure 5. Family of curves for a rectangular-section member used in determining the value of q 
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tension and compression. More general equations 
are available in the literature“*); however, it is 
recommended that the average isochronous stress- 
strain diagram be used in predicting the load and 
deflection for beams. Calculations have been made 
which indicate that the load-deflection diagram for 
a beam, made of a material whose tension and com- 
pression isochronous stress-strain diagrams are 
10% on either side of the average, lies within 2% 
of that obtained by using the average isochronous 
stress-strain diagram. It is recommended that 
either the tension or the compression isochronous 
stress-strain diagrams be used to analyze eccentri- 
cally loaded tension members and columns, respec- 
tively. Except for large initial eccentricities, the 
stress in most fibers of the eccentrically loaded 
members is of one sign. 

Using Equations 6 and 7, dimensionless moment 
versus K design curves were constructed for beams 
having a rectangular section and the I- and T- 
sections shown in Figure 4. A design curve is also 
shown for a circular cross section in Figure 4. Since 
it is assumed that e, = Keo (e 1s an experimental 
constant, see Equation 3) is specified for a given 
design, the design of a beam for strength is readily 
obtained from the appropriate curve in Figure 4. 
Once the moment diagram is known, the angle 
change diagram for the beam can be readily con- 
structed using the appropriate curve in Figure 4 
and the relation shown directly below the beam 
cross section. The beam deflection can be obtained 
from the angle change diagram using the numerical 
integration procedure given by Newmark.* 

The load-deflection curve for an eccentrically 
loaded member can be obtained using Equations 6 
and 7 and the following relation: 


M=P #8) (10) 


in which e is the initial eccentricity and 8 is the 
deflection of the center section of the member. The 
plus and minus signs in Equation 10 are for com- 
pression and tension, respectively. Using Equations 
6, 7, and 10, an expression relating the variables q, 
5, and K can be obtained as follows: 


e+6 
ht 
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Equation 11 is difficult to work with, unless avail- 
able in graphic form. The families of curves shown 
in Figures 5 and 6 were constructed using Equation 
11 for a rectangular section (b, = b, =1) and fora 
T-section (h = 6, b, = 4, b. = 1, and v = 1.5), re- 
spectively. 

In the design of a given eccentrically loaded 
member, it is assumed that K is known. However, 
the appropriate curve in either Figures 5 or 6 can- 
not be used unless either g or § is known. Another 
relation between gq, 6, and K can be obtained if the 
configuration of the deflected member is known. 
If the deflected axis is assumed to take the shape 
of a segment of a circle or a cosine curve, the de- 
flections?) of the members are given by the re- 
lations 


PK €0 
6 Sq hi and (12) 
Dh ew ws : 
j= me, respectively. (13) 


By adding and subtracting the initial eccentricity 
to each side of Equations 12 and 18, the following 
relations may be obtained: 


PK €0 
Sh? ? 
lea ae ets (14) 
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a Wie 
i. Fioae Wht 
For a given value of K, assume a value of q and 
read off the value of = : from the appropriate 


curve in Figures 5 or 6, and calculate g by Equa- 
tions 14 or 15. If the calculated value of q does 
not equal the assumed value, assume a new value 
of q and repeat the process. The trial and error 
solution does not require much time. Once q is 
known, the magnitude of the load P is obtained 
from Equation 6. As an aid to solving Equation 
6, the families of curves in Figures 7 and 8 were 
constructed for rectangular and T-section mem- 
bers, respectively. 

Typical theoretical load-deflection curves for 
columns having an initial eccentricity of 5% and 
25% of their depths are shown in Figure 9 for both 
the cosine-curve and segment-of-circle assumption 
of the configuration of the column. It will be noted 
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Figure 6. Family of curves for a T-section member used in determining the value of q 
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Figure 7. Family of curves for a rectangular-section member used in determining P 


that the load-deflection curves based on the cosine- 
curve assumption lie appreciably above those based 
on the segment-of-circle assumption. 


C. ELASTIC LOAD-DEFLECTION RELATIONS 


In designing for creep it may be desirable to 
know the load-deflection curve for an eccentrically 
loaded member for zero time. If the material is 
elastic for zero time, the load-deflection curve can- 
not be obtained from the theory presented in Article 
ITA since Equation 3 is nonlinear except for ex- 
tremely small values of K, and the design curves 
shown in Figures 5 through 8 were not constructed 
for small values of K. For elastic conditions, the 
secant formula, 


mee aoe 
etod=e He : oS (16) 
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gives an exact load-deflection curve for eccentri- 
cally loaded columns. 

In case of an eccentrically loaded tension mem- 
ber, an approximate load-deflection relation can be 
derived based on the assumption that the member — 
deflects into a segment of a circle. If the member 
is elastic, the radius of curvature can be written in 
terms of the moment, 


1 M 
ae BE an 


The radius of curvature can also be written in 
terms of the strain distribution shown in Figure 3 
to give 

1 €1 


Re ane CS 


Using Equations 10, 12, 17, and 18, the load P can 
be written in terms of the deflection § as follows: 
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If the initial eccentricity and the deflection are 


small, the resisting moment is small; consequently, 
the difference in stress between the outside and 
inside fibers of the column is small. Under these 


conditions an assumption of linear stress distribu- 


tion is reasonable. The secant formula is valid for 
a linear stress distribution so that the column 
formula for a material whose stress-strain proper- 
ties are given by Equation 3 is represented by the 
following equation: 


6 =e] se 


in which the ratio 
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is the tangent 


modulus obtained from Equation 3 and the average 
stress P/A is also obtained from Equation 3. 


The load-deflection curves represented by Equa- 


P44, thousands of psi 


Hyperbolic sine theory (circle) 25% eccen 
Modified secant formula 25% eccen 


&, Deflection in inches 


Figure 9. Comparison of theoretical P/A-deflection curves 
for rectangular-section columns 
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Correction coefficient 
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Figure 10. Coefficients to be used in connection with collapse loads 
obtained by modified secant formula 


tion 20 are shown in Figure 9 for columns having 
initial eccentricities of 5% and 25% of their depths. 
It will be noted that the modified secant formula 
(Eq. 20) lies between the 2 theoretical. load- 
deflection curves based on segment-of-circle and 
cosine-curve approximations of the deflected axis 
of the column. Since the assumption based on the 
segment of circle gives a conservative deflection, 
and the assumption based on a cosine curve gives a 
nonconservative deflection, Equation 20 might be 
expected to give a reasonably accurate prediction 
of the column deflection within its range of appli- 
cability. For eccentricities up to 5% of the column 
depth, Equation 20 was found to give a good esti- 
mate of the column deflection for any load up to 
the collapse load. As the initial eccentricity in- 
creases, Equation 20 becomes less reliable, since 
the stress distribution can no longer be assumed 
linear. At an eccentricity of 25% of the depth, 
Equation 20 was found to give a reliable value of 
the deflection only up to a load of one half the 
collapse load. 

Since Equation 20 gives a reasonably good ap- 
proximation of the deflection for columns having 
small eccentricities, a question arises as to its ap- 
plicability for predicting the collapse load. If the 


radical in Equation 20 is equal to 7/2, the de- 
flection becomes infinite. The resulting load is equal 
to the tangent modulus load for the column having 
an initial eccentricity equal to zero. Since the ex- 
perimental collapse load is approximately 10% 
larger than that predicted by the are hyperbolic 
sine theory, there will be an eccentricity for which 
Equation 20 will agree with the experimental re- 
sults. Based on the 10% difference between theory 
and experiment, correction coefficients were com- 
puted for the tangent moduli loads for columns 
having a rectangular section and the T- and I- 
sections shown in Figure 10. The T-section shown: 
in Figure 10 is the one used in the experimental 
investigation. The experimental data for the ec- 
centrically loaded columns will be analyzed in 
Article VA using both the are hyperbolic sine 
theory and the corrections shown in Figure 10. 


E. INTERACTION CURVE — MOMENT-LOAD 
CURVE THEORY 


For some metals at an elevated temperature, the 
inelastic deformation may be mostly time independ- 
ent. In this case, the isochronous stress-strain 
diagram cannot be represented by Equation 3 but 
can be approximated by 2 straight lines (Fig. 24). 
The theoretical load-deflection curves for eccentri- 
cally loaded members made of this material can 
best be constructed using the interaction curve — 
moment-load curve theory which was developed in 
a previous bulletin.@?? The derivations of the rela- 
tions required for this theory will not be repeated; 
however, the desired relations will be listed. 

Theoretical moment-load and_ load-deflection 
curves for eccentrically loaded members are con- 
structed using constant depth of yielding moment 
and load interaction curves. Consider a T-section 
member whose cross-sectional dimensions are depth 
h, flange width b, flange thickness ft, and web thick- 
ness t. Let a short length of this member be sub- 
jected to a load P acting along the centroidal axis 
and to a moment M of sufficient magnitudes to 
initiate yielding to a depth a, on the flange side and 
to a depth a, on the web side. For conditions that 
a, is less than or equal to t:, the magnitude of P 
and M are given by the following relations: 


IP = IP? bap 2A. (cy —~ (ty) 
a 
Am ae ae bee (21) 


a 


noted that Equations 21 and 22 are 


oA and the moment M by M, = 


(22) 


in which A is the cross-sectional area, o¢ is the yield 


stress in compression and af is the slope of the 


stress-strain diagram for post-yielding conditions 


| (Fig. 24a). 


For conditions in which yielding has progressed 
through the tension flange into the web, the load 
and moment expression are 


ee cep ees * (bas? 

= (b — t) (a — &)? — a? t] (23) 
Pore Sol Dal 
Mt = = — 1 - a) 24 [= 

= (a + a2)? (e — 2 F%) 

hain,? (« -2 ] (24) 


Interaction curves for a_rectangular-section 
member can be constructed using Equations 21 
and 22 (let 6b =t) while Equations 21 through 24 
are used for a T-section member. It should be 
valid if either 
@, OF My is zero and Equations 23 and 24 are valid if 
@, is zero. In this report the interaction curves are 
made dimensionless by dividing the load P by P, = 
Gel /Co. 

The theoretical moment-load curves for the 
eccentrically loaded members were constructed by 
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finding their intersection with each of a family of 
interaction curves. The slope of a straight line 
drawn from the origin of the interaction curve to 
the intersection of the moment-load curve with a 
given interaction curve is given by the relation 


eet? (-)« M, 
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ype of the member is a segment 


if the deflected sha 
of circle and 


l 
Co aS Mi My, (26) 


tan @ = one 2 My 


if the deflected shape of the member is a cosine 
curve. In Equations 25 and 26 e is the initial 
eccentricity, r? = I/A, «= o-/E, and k = (h—a, 
— d,)/h. If the line intersects the interaction curve 
in the curved portion (see Figure 37) the ratio M,/ 
My is taken to be unity. If the intersection is in 
the straight line portion of the interaction curve, 
the solution is by trial and error since M,, is the 
moment at the unknown intersection and WM, is the 
moment for the upper end of the straight line por- 
tion of the interaction curve. After the moment- 
load curve has been determined, the deflection 8 for 
assumed configurations of segment of circle and 
cosine curve are 


Pe Myr 

6 = LGM es and (27) 
2P ¢, M 

es 2 eo My respectively. (28) 
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Ill. MATERIALS AND METHOD OF TESTING 


A. MATERIALS AND TEST MEMBERS 


Four different materials were considered in the 
experimental investigations. Two of the materials 
were plastics, high pressure canvas laminate and 
Zytel 101 nylon, and the others were metals, 
17-7PH stainless steel and Ti 155A titanium alloy. 
The canvas laminate test members were all ma- 
chined from a 8 ft. by 4 ft. plate having a thickness 
of 144 in. The nylon test members were all machined 
from a 10 in. by 20 in. plate having a thickness of 
34 in. All of the test members for each metal were 
machined from one 1% in. by 2 in. bar of that mate- 
rial. The chemical analysis of the 2 metals are as 
follows: 


C Mn 1 5 
17-7PH 0.066 0.59 OLOS OOF OD 
Si Cr Ni Al 
0.30 17.09 hes 1.06 
C Fe No Va 
Ti-155A 0.015 il 4 0.009 hie 
Mo H, Al 
Let 0.009 5.4 


To obtain the theoretical curves for the beams 
and eccentrically loaded members, tension and com- 
pression creep properties of the materials were re- 
quired. These properties were obtained from tension 
and compression specimens having the dimensions 
shown in Figures 11, 12, and 13. A hollow compres- 
sion specimen was chosen for the nylon since the 
minimum thickness for this material had to be less 
than 144 in. to moisture-condition the plastic. 
Sketches of the nylon beams and eccentrically 
loaded tension members are shown in Figure 11. In 
Figure 12 are shown sketches of the canvas laminate 
simply supported, and statically indeterminate 
beams and the eccentrically loaded tension mem- 
bers and columns. In the case of the 17-7PH stain- 
less steel and Ti 155A titanium alloy, only eccentri- 
cally loaded tension members and columns were 
considered in the investigation. Sketches of these 
members are shown in Figure 13. The test lengths 


22 


of the columns shown in Figures 12 and 13 were 
1.20 in. longer than the values shown, since knife- 
edge fixtures were added to each end of the column. 

The 17-7PH stainless steel test members were 
precipitation hardened after machining. They were 
heated to 1400° F. for 90 minutes, cooled to 60° F. — 
in 60 minutes, held at 60° F. for 30 minutes, heated 
to 1050° F. for 90 minutes, and air cooled. Most of 
the Ti 155A titanium alloy specimens were tested 
in the “as received” condition; the manufacturer 
reported that the bars were heated to 1650° F. for 
1 hour, water quenched, heated to 1085° F. for 12 
hours, and air cooled. This heat treatment resulted 
in properties lower than those usually reported for 
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Figure 12. Canvas laminate test members 


this material. Therefore, some of this material was 


given ancther heat treatment prior to machining. 


The material was heated to 1625° F. for 1 hour, 
water quenched, heated to 1,000° F. for 2214 hours, 
and air cooled. 

The room temperature properties of the 17-7PH 
stainless steel material were modulus of elasticity 
of 28,400,000 psi, yield stress at 0.2% offset of 
181,000 psi, and elongation in 2 in. gage length of 
9.5%. The modulus of elasticity of the Ti 155A 
titanium alloy at room temperature was 16,600,000 


psi. When the titanium alloy was aged at 1,000° F. 


following the water quench, the yield stress at 
0.2% offset was 165,000 psi and the elongation in 
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2 in. gage length was 11.7%. When the titanium 
alloy was aged at 1085° F., the yield stress at 
0.2% offset was 130,000 psi and the elongation 
was 19.0%. 


B. METHOD OF TESTING 


Since the strength properties of the plastics are 
known to be affected by the moisture content of the 
atmosphere, the tests were performed in a 
controlled-atmosphere room maintained at 77 + 1° 
F. and 50 + 2% relative humidity. In the case of 
the statically indeterminate beams made of canvas 
laminate, the temperature was changed to 72 + 
1° F. The canvas laminate test members were 
placed in this room at least 3 weeks prior to testing. 
Since the nylon test members would require several 
months to become moisture conditioned at room 
temperature, they were moisture conditioned by 
boiling in a potassium acetate solution (specific 
gravity = 1.305 at room temperature). Even at the 
boiling temperature of 119° C., the 14 in. thickness 
required 70 to 80 hours for conditioning; this time 
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Figure 14. Tension creep curves for canvas laminate 


.020 


a =/0,000 psi 


O16 


8 
iS) 
® 


Time in hundreds of hours 


Figure 15. Compression creep curves for canvas laminate 
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Figure 16. Isochronous stress-strain diagrams of canvas laminate 


was taken from a chart furnished by the duPont 
Company. 

The 17-7PH stainless steel and the Ti 155A 
titanium alloy tension specimens and eccentrically 
loaded members were heated in a furnace which 
had a length of 17.5 in. and an inside diameter of 
2.5 in. The furnace had 3 heating elements with 
separate controls. It was made in 2 parts with 
hinges so that it could be opened. The compression 
‘specimens were tested in a furnace which had a 
length of 12.5 in. and an inside diameter of 2 in. 
It had 2 heating elements with separate controls 
and could not be opened. 

Two thermocouples were used in measuring the 
temperature of the tension and compression speci- 
mens having a 2 in. gage length. In all other cases 

the temperature was measured in the center and 
near each end of the test section. Apiece of as- 
bestos was placed over each thermocouple as it was 


wired to the test member. Another asbestos shield 
was placed between the test member and the heat- 
ing coils. After putting the furnace around the 
test member, baffles were inserted into the furnace 
to prevent a chimney effect. 

Since the duration of the creep test for the 
metals was 30 min. in most cases, the temperature 
was manually controlled during the test. The tem- 
perature at each thermocouple was maintained at 
972 + 2° F. for the 17-7PH stainless steel test 
members; each test was started 144 hours after 
starting the furnace. For the Ti 155A titanium 
alloy test members, the temperature was maintained 
at 772 + 2° F., and each test began 1 hour after 
starting the furnace. 

Dead loads were applied to the plastic test 
members either by having the load applied directly 
to the test member or by having the load applied 
through a lever having a 14 to 1 or 20 to 1 ratio. 
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Time in hundreds of hours 


Figure 17. Tension creep curves for Zytel 107 nylon 


These loads were first carried by a hydraulic jack 
and were applied by slowly reducing the oil pres- 
sure in the jack. In this way, the load could be 
applied in a short time without inertia effects. The 
time for each test was started when the load pan 
was free of the jack. Several deformation readings 
were taken the first day and one each day there- 
after. 

Constant loads were applied to the metal mem- 
bers either by applying dead loads through a 20 to 
1 lever or by a Riehle testing machine which was 
equipped with a load holder to maintain any desired 
load. Deformation readings were started as soon as 
the load was applied and were taken every minute 
thereafter. 


C. PROPERTIES OF MATERIALS 
1. Properties of the Plastics 


As indicated in Figures 11 and 12, the tension 
specimens were sufficiently long to accommodate 


an extensometer with a 10 in. gage length. This 
gage length was used in all cases in which the strain 
in the first few minutes.was less than 1%. For 
larger strains, an extensometer with a 4 in. gage 
length was used. In either case, the extensometer 
had a multiplying lever with a ratio of 10 to 1. The 
strains were measured by a traveling microscope 
using a 1/1,000 in. dial. For the compression tests, 
a 1 in. extensometer with a 1/10,000 in. dial was 
used in most cases. A 2 in. extensometer was used 
in a few cases, and the results obtained from the 
two extensometers were identical. 

The strength properties of the canvas laminate 
were influenced by its environment prior to being 
placed in the controlled-atmosphere room. It was 
necessary to put all of the test members for a given 
investigation into the controlled-atmosphere room 
at the same time. Compression specimens put in 
the controlled-atmosphere room at different times 
were found to have strengths which varied by as 
much as 8%. After attaining equilibrium condi- 


Pa 
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Table 1 
Isochronous Stress-Strain Properties of Canvas Laminate and Zytel 101 Nylon 
Time Tension Compression Average 
a0 €0 70 €0 a0 €0 
Canvas Laminate for Straight Beams and Eccentrically Loaded Tension Members 
Zero 5330 0.00355 5170 0.00355 5250 0.00355 
100 hr. 3750 0.00320 3560 0.00320 3660 0.00320 
1000 hr. 3750 0.00399 3450 0.00399 3600 0.00399 
Canvas Laminate for Statically Indeterminate Beams 
Zero 5340 0.00381 5180 0.00381 5260 0.00381 
100 hr. 3800 0.00312 3570 0.00312 3570 0.00312 
1000 hr. 3700 0.00338 3340 0.00338 3520 0.00338 
Canvas Laminate for Columns 
MC 8 eo lf ages 8260 ORGOGSGHEE 6 1 PUM Re oreto. ay UN yey eetes, 
THG)8) awe.) 5785 OVOO5S hs | eek ee © Lae 
CP a eae 5240 ORE REL Cog al la oe pet ern ee. © ae ees 
Nylon for Straight Beams and Eccentrically Loaded Tension Members 
Zero 3125 0.01157 3125 0.01157 3125 0.01150 
100 hr. 2790 0.01990 2790 0.01990 2790 0.01990 
1000 hr. 2650 0.02040 2650 0.02040 2650 0.02047 
- 30 
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Figure 18. Tension isochronous stress-strain diagrams 
for Zytel 101 nylon 


tions in the controlled-atmosphere room, the prop- 
erties were found to remain constant, since identical 
results were obtained from specimens subjected to 
identical loading conditions but tested several 
months apart. 

Canvas laminate was used in 3 different investi- 
gations. The most extensive tension and compres- 
sion creep data from these investigations are shown 
in Figures 14 and 15*; however, those specimens 


* Only one compression creep machine was available; therefore, 
most of the compression creep tests were stopped before 1,000 hours, 
Since the creep data plotted as a straight line on log-log graph paper, 
the data for 1,000 hours were taken from this plot. 


Figure 19. Creep furnace showing 6-in. creep specimen 
and extensometer 


were not put in the controlled-atmosphere room at 
the same time and do not represent the material 
under identical conditions. Test data obtained from 
tension and compression specimens tested under 
identical conditions indicated that the stress in com- 
pression had to be 10% greater than that in tension 
in order to produce the same strain at 1,000 hr. 
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Figure 20. Fixture for testing creep compression specimens at elevated temperatures 
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Figure 21, Tension creep curves for 17-7PH 
stainless steel at 972° F. 


Experimental data for isochronous stress-strain 
diagrams were taken from Figures 14 and 15 for 
zero time (approximately 30 seconds), 100 hours, 
and 1,000 hours and are shown in Figure 16. It 
will be noted that these isochronous stress-strain 


‘diagrams have been represented by are hyperbolic 


sine curves as given by Equation 3. The correla- 
tion between the theoretical curves and the teste 
data is shown to be excellent. The magnitudes of 
the experimental constants o, and e«) are shown in 
Table 1. Only the compression isochronous stress- 
strain diagrams were used in the column investiga- 
tion, since the stresses in the columns were predom- 
inately compression. 

The creep data for the Zytel 101 nylon are 
shown in Figure 17. From these curves the isoch- 
ronous stress-strain diagrams for zero time, 100 
hours, and 1,000 hours were obtained and are shown 
in Figure 18. These data were approximated by 
Equation 3, and the magnitudes of the experimental 
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‘Figure 22. Compression creep curves for 17-7PH 
stainless steel at 972° F. 


constants are shown in Table 1. The constants 
were assumed to be the same in tension and com- 
pression since the creep data from 3 compression 
specimens were nearly identical with the tension 
data. 


2. Elevated Temperature Properties of Metals 

The deformations of tension and compression 
specimens of 17-7PH stainless steel and Ti 155A 
titanium alloy were measured with a Riehle dial- 
type high-temperature creep extensometer with a 
2 in. gage length. The extensometer was made to 
accommodate a flat specimen. The extensometer is 
shown on a tension specimen in Figure 19 and on a 
compression specimen in Figure 20. The strains 
were measured by a 1/10,000 in. dial. 

A gage length of 2 in. is not long enough to 
determine a reliable value of the modulus of elas- 
ticity, H. Since this property has a decided influence 
on the theory, a more accurate value of the modulus 
of elasticity was needed. The accuracy was ob- 
tained in tension by using a 6 in. gage length speci- 


men. In Figure 19 the extensometer is shown 
adapted to this gage length. The compressive mod- 
ulus of elasticity was obtained from the eccentri- 
cally loaded column tests. All of the 17-7PH 
stainless steel test members were elastic at zero 
time and the Ti 155A titanium alloy was elastic 
at sufficiently high stress levels to obtain reproduc- 
ible values of the modulus of elasticity. 

The tension and compression creep curves for 
the 17-7PH stainless steel at 972° F. are shown 
in Figures 21 and 22, respectively. Using data from 
those curves, the tension and compression isochro- 
nous stress-strain diagrams shown in Figure 23 were 
constructed for zero time, 30 minutes, and for com- 
pression, 60 minutes. Since the material was elastic 
at zero time, all of the data in each case were ad- 
justed to fall on the straight line of slope #. The 
data for 30 minutes and 60 minutes were closely 
approximated by an are hyperbolic sine curve (Eq. 
3). The properties which were used in the theory 
are listed on Figure 23. 

Creep curves for the Ti 155A titanium alloy are 
not shown since the inelastic deformation at 772° F. 
was mostly time independent, at least for a test 
duration of 1 hour or less. The tension and com- 
pression isochronous stress-strain diagrams for zero 
time and for 30 minutes are shown in Figure 24. 
Since most of the inelastic deformation was time 
independent, the stress-strain diagrams were more 
accurately approximated by 2 straight lines than 
by Equation 3. The yield stress was taken as the 
intersection of the straight lines. Both the modulus 
of elasticity and the yield stress were lowered a 
few percent as the result of creep. The pertinent 
properties are listed in Figure 24. The comparison 
between the stress-strain data for the material aged 
at 1,000° F. and 1,085° F. indicates that the lower 
aging temperature greatly increases the strength. 


D. LOADING FIXTURES FOR BEAMS AND 
ECCENTRICALLY LOADED MEMBERS 


Schematic diagrams of the fixtures used in test- 
ing the beams subjected to pure bending and the 
statically indeterminate beams are shown in Figure 
25. As indicated in Figure 25a, the load arms were 
extended so that counterweights could be added to 
balance the weight of the fixtures and the load pan. 
The deflection measuring fixture was supported by 
a spring so that it would not apply a load to the 
test beam. The deflection was measured over a 
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Figure 23. Tension and compression isochronous stress-strain diagrams for 17-7PH stainless steel at 972° F. 
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Figure 24. Tension and compression isochronous stress-strain diagrams of Ti 155A titanium alloy at 772° F. 
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P 
(c) One end fixed, one end simply supported 


Figure 25. Fixtures for testing beams 


6 in. length of the constant moment section of the 
beam by a 1/1,000 in. dial. The fixed-ended beams 
were loaded in the fixture shown in Figure 25b; the 
deflection was measured in the center of the beam 
by a 1/1,000 in. dial. In Figure 25c is shown the 
fixture for loading the beams which were fixed at 
one end and simply supported at the other. The 
deflection was measured at a distance 1/16 from 
the center of the beam by a 1/1,000 in. dial. 

The same type of loading fixture was used in 
loading the plastic and metal eccentrically loaded 
tension members. The only difference was in the 
materials used in making the fixtures. A schematic 
diagram of the fixtures used in the elevated tem- 
perature tests is shown in Figure 26. The load, 


- obtained from dead weights, was transmitted to the 


test member through the yoke, knife edges, and pin 
arrangement shown. The pin had a 90° groove ma- 
chined to its center to receive 60° knife edges. The 
yokes were made of 18 chromium — 8 nickel stain- 
less steel. The knife edges were made of Stellite. 
A typical setup of the test member in the elevated 
temperature creep machine is shown in Figure 27. 


The method of measuring the central deflection of 
the eccentrically loaded member is illustrated in 
Figure 26 and shown in Figure 27. Three 14 in. 
diameter ceramic rods extended through the side 
of the furnace and contacted each of the yokes and 
the center of the specimen. After closing the fur- 
nace, rubber bands were used to hold the vertical 
bar against the top and bottom rods, and a 1/1,000 
in. dial measured the relative movement of the 
center rod. 

The same type of loading fixture was used in 
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Figure 26. Fixture used in applying eccentric tension load 
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Figure 28. Fixture used in testing eccentrically loaded columns 


28. The length of the knife edge was 2 in. The 
initial eccentricity could be easily adjusted, and the 
error in setting the initial eccentricity was believed 
to be less than +-0.002 in. In order to offset the 
Boer Gerd effect of initial crookedness of the column, the 
Figure 27. Eccentrically loaded tension member in the elevated initial eccentricity was adjusted with respect to 
temperature creep machine the center of the column. As indicated in Figure 28, 

the deflections of the columns were obtained by 

loading the plastic and metal eccentrically loaded measuring the movement of the midpoint of the 
columns. A schematic diagram of the fixtures used column with respect to the knife edge seats. A 
in the elevated temperature tests is shown in Figure 1/1,000 in. dial was used in measuring the deflection. 


IV. DISCUSSION OF RESULTS 


A. BEAMS 


1. Beams Subjected to Pure Bending 

A total of 8 beams was subjected to pure bend- 
ing in the fixture shown in Figure 25a. Four of the 
beams were made of high-pressure canvas laminate, 
and 4 were made of Zytel 101 nylon. The cross- 
sectional dimensions of the rectangular- and T- 
section beams are shown in Table 2. 

The deflection of each beam was measured in 
the center of a 6 in. gage length (Fig. 25a). The 
ereep curves for the 8 beams are shown in Figure 
29. From these curves, moment-deflection data 
were obtained for zero time, 100 hours, and 1,000 


hours; representative data for 4 of the beams 
are shown in Figures 30 and 31. The theoretical 
moment-deflection curves were constructed using 
the stress-strain properties listed in Table 1, the 
appropriate curve in Figure 4, and Equation 12. 
As indicated in Article ITA, the theoretical moment 
was decreased 5% to compensate for the fact that 
the stress distribution in the beams changes with 
time. The data, presented in Figures 30 and 31, 
indicate good agreement between theory and ex- 
periment. The ratios of the theoretical to experi- 
mental deflections for the beams are shown in 
Table 2. Since a given error in predicting the de- 
flection results in a smaller percentage error for 


8, Deflection in inches 


Time in hundreds of hours 


Figure 29. Creep curves for nylon and canvas laminate beams subjected to pure bending 
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Table 2 
Data for Beams Made of Plastics 
Beam Width Depth Flange Web Length Mo- Load Zero Time 100 Hours 1,000 Hours 
Number b h Thick- Thick- / ment FP dexperimental Stheoretical dexperimental Otheoretical be xperimental Otheoretical 
inch inch a pees inches noun pounds inch Sexperimental inc. Sospeinental inc Ses 
inch inch 
Zytel 101 Nylon Beams — Pure Bending 
Ria 0.248 0.755 ech Pic 6 35 a 0.060» 1.16 0.116 ei bs) 0.140 1.04 
R2 0.248 0.755 be mahite 6 55 Bi 0.103 fm2 0.204 1.08 0.234 1.04 
Ts 0.496 0.744 0.186 0.124 6 35 es 0.090 0.98 0.170 1.02 0.190 0.99 
T4 0.495 0.741 0.185 0.124 6 65 is 0.150 0.94 0.284 1.00 0.314 0.99 
Canvas Laminate Beams — Pure Bending 
R5 0.504 0.752 Ane cassie 6 163 0.033 0.90 0.043 0.92 0.048 1.01 
R6 0.503 0.752 i cai pa te 6 343 0.070 1.01 0.103 1.03 0.120 1807 
ay 0.500 0.750 0.188 0.125 6 80 0.039 0.88 0.051 0.91 0.061 0.93 
T8 0.500 0.750 0.188 0.125 6 140 0.072 0.94 0.109 0.90 0.133 0.94 
Canvas Laminate Beams — Both Ends Fixed 
R9 0.506 0.751 APS 12 180 0.086 0.88 0.107 0.89 0.120 0.92 
R10 0.504 0.752 in sees 12 233 0.111 0.92 0.141 0.97 0.160 1.00 
Till 0.500 0.750 0.187 0.125 12 52 0.056 0.86 0.069 0.84 0.078 0.85 
fbb 0.500 0.750 0.187 0.125 12 74 0.083 0.84 0.108 0.82 0.126 0.82 
Canvas Laminate Beams — One End Fixed, Other End Simply Supported 
R13 0.504 0.752 ce 12 120 0.095 0.95 On mig 0.99 0.132 0.98 
R14 0.503 0.751 hay es 12 160 0.128 0.99 0.163 1.02 0.185 1.06 
UD: 0.500 0.750 0.187 0.125 12 35 0.063 0.95 0.075 0.93 0.085 0.94 
T16 0.500 0.750 0.187 0.125 12 49 0.091 0.99 0.116 0.91 0.136 0.91 


2 R designates rectangular-section and T designates T-section. 


b In case of beams subjected to pure bending, the deflection was measured in the center of a 6 inch gage length. 


larger strains, the best agreement between theory 
and experiment was found at 1,000 hours. The 
theory was conservative by an average of 4% in 
predicting the deflection of the rectangular-section 
beams at 1,000 hours and nonconservative by an 
average of 4% in predicting the deflection of the 
T-section beams at 1,000 hours. 


2. Statically Indeterminate Beams 


The statically indeterminate beams were all 
made of high-pressure canvas laminate. Four 
beams had fixed ends and were tested in the fixtures 
shown in Figure 25b. Four beams were fixed at one 
end and simply supported on the other end by the 
fixtures shown in Figure 25c. The cross-sectional 
dimensions of the rectangular- and T-section beams 
are given in Table 2. 
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Figure 30. Moment-deflection curves for T-section Zytel 101 
nylon beams subjected to pure bending 


The deflections were measured at the center of 
the beam in Figure 25b and at a distance of 1/16 
from the center in Figure 25c. The creep curves for 
the 8 beams are shown in Figure 32. Moment- 
deflection data for zero time, 100 hours, and 1,000 
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Figure 31. Moment-deflection curves for rectangular-section 
canvas laminate beams subjected to pure bending 
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Figure 32. Creep curves for statically indeterminate canvas laminate beams 
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Figure 33. Load-deflection curves for statically indeterminate canvas laminate beams 
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Table 3 


Data for Eccentrically Loaded Tension Members Made of Plastics 


Member Width Depth Flange Web Length Eccen- Load Zero Time 100 Hours 1,000 Hours 
Number b h Thick- Thick- l tricity dSexperimental Stheoretical be xperimental Stheoretical dexperimental Otheoretical 
inch inch ness ness inches Ye pound inch dexperimental inch Saspainiontal inch Seana Al 
te t @) 
inch inch 
Zytel 101 Nylon 
a 5 0.754 Siois B orehe 6 38 0.051 0.95 0.084 1.04 0.098 0.95 
Bis D ood 0.950 eee eke 6 35 0.079 0.94 0.128 1.01 0.149 0.91 
T19 0.496 0.745 0.186 0.124 6 32 0.044 1.04 0.071 1.04 0.082 0.97 
T20 0.500 0.750 0.188 0.125 6 ao 0.068 1.06 0.102 1.08 0.115 0.99 
Canvas Laminate 
9 0.74 one Apion 6 50 0.047 0.92 0.062 0.96 0.069 1.00 
nED D304 Ocv4e tee ei 6 50 0.061 0.98 0.081 1.02 0.094 1.03 
T23 0.496 0.745 0.186 0.124 6 34 0.045 0.89 0.059 0.88 0.068 0.90 
T24 0.496 0.745 0.186 0.124 6 34 0.061 0.94 0.084 0.90 0.095 0.95 
2 R designates rectangular-section and T designates T-section. 
hours were taken from these curves and plotted 200 


in Figure 33. The theoretical moment-deflection 
curves were constructed using the stress-strain 
properties listed in Table 1, the appropriate curve 
in Figure 4, and the numerical integration procedure 
outlined by. Newmark.*’ In the case of the beams 
fixed at one end and simply supported at the other, 
a trial and error solution was required since the 
magnitude of the reaction at the simple support 
necessary to give zero deflection at the support was 
not known. It was found that the reaction was only 
shghtly different from that for elastic conditions 
since the reaction is 0.3125 P for elastic conditions 
and 0.3127 P for K equal to 2.5. 

The theoretical loads in Figure 33 were de- 
creased 5% to compensate for the fact that the 
stress distribution in the beams changes with time 
(see Art. ITA). As indicated in Figure 33 and 
Table 2, the agreement between theory and experi- 
ment is good in all cases except for the T-section 
beams fixed at both ends. In this case the theory 
was nonconservative by as much as 18%; however, 
most of this difference was due to the fact that the 
deflection for zero time was larger than predicted. 


B. ECCENTRICALLY LOADED TENSION MEMBERS 
1. Nylon and Canvas Laminate 

A total of 8 eccentrically loaded tension mem- 
bers were subjected to dead loads in fixtures similar 
to that shown in Figure 26. The cross-sectional 
dimensions of the rectangular- and T-section mem- 
bers are given in Table 3. The initial eccentricity, 
e, of each member is also given in Table 3. 

The deflection of each eecentrically loaded mem- 
ber was measured in the center of the 6 in. test 
length. Load-deflection data for zero time, 100 
hours, and 1,000 hours are given in Table 3 for each 


member, and representative curves are shown in 
Figures 34 and 35. 
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Figure 34, Load-deflection curves for eccentrically loaded 
tension members of Zytel 101 nylon 


The theoretical load-deflection curves in Figures 
34 and 35 were constructed using the stress-strain 
properties listed in Table 1, Equation 14, and 
Figures 5 through 8. Two different corrections 


- were used in adjusting the theory which resulted 


in the theoretical curves in Figures 34 and 35 being 
lowered 5%. First, each theoretical load was de- 
creased 10% to compensate for the fact that the 
stress distribution in the eccentrically loaded mem- 
bers changes with time (see Art. ITA). Second, 
each theoretical load was increased 5% to compen- 
sate for the fact that 0.75 in. at each end of the 6 in. 
test length was stiffened* (Figs. 11 and 12). A 
comparison between the theoretical and experi- 
mental deflections in Figures 34 and 35 and Table 
3, indicates good agreement between theory and 
experiment. 


*Tf the member is assumed to deflect into a segment of a circle, 
the deflection is reduced 6% if 0.75 in. at each end of a 6 in. length 
has infinite stiffness. The deflection is reduced 11% if 1 in. at each end 
has infinite stiffness (See Fig. 13 for 17-7PH stainless steel). Since the 
load-deflection curves were nearly linear, the correction was made on 
the load rather than on the deflection. 
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Figure 35. Load-deflection curves for eccentrically loaded 
rectangular-section tension members of canvas laminate 


2. 17-7PH Stainless Steel at 972° F. 


A total of 10 eccentrically loaded tension mem- 
bers were subjected to dead loads in the fixture 
shown in Figure 26. The cross-sectional dimensions 
of the rectangular- and T-section members are 
given in Table 4 along with the test length and 
initial eccentricity. Also given in Table 4 are the 
load and deflection data for zero time and for 30 
minutes. The data for the T-section members are 
shown in Figure 36. The theoretical load-deflection 
curves in Figure 36 for zero time were obtained 
using the stress-strain properties listed in Figure 23 
and Equation 19. The curves for 30 minutes were 
constructed using Equation 14 and Figures 6 and 8. 


Since the members were elastic at zero time, the 


theoretical load for zero time was increased 10% 
to account for the fact that 1 in. at each end of the 
6 in. test length was enlarged. The theory was not 
corrected for 30 minutes since the 2 corrections 
balanced each other. A comparison between the 
theoretical and experimental deflections in Figure 
26 and Table 4 indicates good agreement between 
theory and experiment. 
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Figure 36. Load-deflection curves for eccentrically loaded 
tension members of 17-7PH stainless steel 


3. Ti 155 Titanium Alloy at 772° F. 

Tests were run on 3 eccentrically loaded tension 
members. 
rectangular-section members are shown in Table 4. 
The members had a length of 6 in. and an initial 
eccentricity of 50% of their depths. The load- 
deflection data for these members are given in 
Table 4 for zero time and for 30 minutes. Since the 
stress-strain diagrams of this material were repre- 
sented by 2 straight lines (Fig. 24a), the interaction 
curve — moment-load curve theory was used in the 
analysis of the test data as indicated in Figure 37. 

The interaction curves shown in Figure 37 were 
constructed using the stress-strain properties listed 
in Figure 24a and Equations 21 and 22. The the- 
oretical moment-load curves were constructed using 
Equation 25. The theoretical deflections used in 


The cross-sectional dimensions of the 
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Table 4 
Data for Eccentrically Loaded Tension Members Made of Metals 
Member Width Depth Flange Web Length Eccen- Load Zero Time 30 Minutes 
Number b h Thick- Thick- : ih tricity dz Sexperimental Stheoretical Sexperimental Otheoretical 
inch inch a oe. inches vi h pounds inch naa inch Baabede ental 
2 0 
inch inch 
17-7PH Stainless Steel 
R254 0.255 0.754 eee mates 6 47 5000 0.037 1.03 0.080 0.96 
R26 0.255 0.754 sf cet eats 6 47 4000 0.033 0.94 0.057 0.96 
R27 0.254 0.755 setts A ees 6 AT 3500 0.029 0.95 0.047 0.95 
R28 0.255 0.754 Pits Mace 6 47 3000 0.026 0.92 0.037 0.97 
T29 0.484 0.726 0.181 0.121 6 25 6000 0.029 1.00 0.059 1.00 
T30 0.484 0.726 0.181 0.121 6 25 5000 0.025 1.00 0.041 1.08 
T3l1 0.484 0.726 0.181 0.121 6 25 4000 0.021 1.05 0.030 1.06 
T32 0.487 0.730 0.182 0.122 6 51 4500 0.044 1.03 0.088 1.07 
T33 0.487 0.730 0.182 0.122 6 51 4000 0.038 1.06 “0.071 HW Hf 
T34 0.487 0.730 0.182 0.122 6 51 3500 0.036 1.00 0.059 1.10 
Ti 155A Titanium Alloy 
R35 0.201 0.700 6 50 6006 0.138 0.96 0.151 0.93 
R36 0.201 0.702 6 50 5541 0.118 0.93 0.128 0.90 
R37 0.200 0.699 6 50 3984 0.076 0.91 0.080 0.91 


a R designates rectangular-section and T designates T-section. 


the calculations of Table 4 were obtained using 
Equation 27. The theory was nonconservative by 
about 9% in predicting the deflection. 


C. ECCENTRICALLY LOADED COLUMNS 


1. Columns Made of Canvas Laminate 

A total of 27 eccentrically loaded columns were 
subjected to dead loads in fixtures similar to that 
shown in Figure 28. These columns are listed in 
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Figure 37. Moment-load curves for Ti 155A titanium alloy tension 
members having an initial eccentricity of 50% of the depth 


Table 5. All but 4 of the columns had rectangular 
sections with a depth of 0.700 in. and a width of 
approximately 1% in. The T-section columns had a 
depth of 0.730 in., a width of 0.487 in., a flange 
thickness of 0.183 in. and a web thickness of 0.122 
in. These columns had slenderness ratios of 30, 50, 
and 70 and had initial eccentricities of 2%, 5%, 
and 25% of their depths. 

The deflection-time creep curves are shown in 
Figures 38 and 39 for rectangular- and T-section 
columns, respectively. From these curves experi- 
mental P/A-deflection data were obtained for zero 
time, 100 hours, and 1,000 hours. Representative 
data are shown in Figure 40 for the rectangular- 
section columns having a slenderness ratio of 30 
and initial eccentricities of 5% and 25% of their 
depths and in Figure 41 for the T-section columns. 
Three different theoretical P/A-deflection curves 
are shown in these figures. The curves based on 
the are hyperbolic sine theory for column configura- 


‘tions of segment of circle and cosine curve were 


constructed using the properties listed in Table 1, 
Equations 14 and 15, and Figures 5 through 8. The 
curves based on the modified secant formula were 
constructed using Equation 20. 

The theoretical collapse loads for the columns 
were obtained from the are hyperbolic sine theory 
for cosine curve configuration of the deflected col- 
umn. Ags indicated in Article IIA, the load for 
each point on these curves was increased 10% to 
compensate for the fact that the stress distribution 
in the columns changes with time. Comparison be- 
tween the theoretical and experimental collapse 
loads can best be accomplished by means of the 
tabular form as indicated in Table 5. The experi- 
mental values of the average stress, P/A, in the 
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Figure 38. Deflection-time curves for rectangular-section columns of canvas laminate 
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Table 5 


Collapse Load Data for Eccentrically Loaded Columns Made of Canvas Laminate 


40 Bul. 460. 

1 2 3 4 5 
Column Depth l/r e/h Time 
Number h % Hours 

inch 
R38> 0.700 30.0 2 212 
R389 0.700 30.0 2 10008 
R40 0.700 50.0 2 38 
R41 0.700 70.0 2 1208 
R42 0.700 70.0 2 10002 
R43 0.700 30.0 5 76 
R44 0.701 30.0 5 136 
R45 0.700 30.0 5 343 
R46 0.700 30.0 5 10002 
R47 0.699 50.0 5 18 
R48 0.700 50.0 5 820 
R49 0.700 50.0 5 10008 
R50 0.700 70.0 5 60 
R51 0.701 70.0 5 385 
R52 0.700 70.0 5 1335 
R53 0.700 70.0 5 10008 
T54 0.730 50.2 5 6 
T55 0.730 50.2 5 152 
T56 0.730 50.2 5 790 
T57 0.730 50'.2 5 10008 
R58 0.701 30.0 25 20 
R59 0.701 30.0 25 240 
R60 0.700 30.0 25 10004 
R61 0.700 50.0 25 13 
R62 0.700 50.0 25 465 
R63 0.702 70.0 25 1185 
R64 0.700 70.0 25 10008 


6 if 8 9 7 7 
Experimental P/A Theoretical P/A = — 
Actual Adjusted at 1,000 Hours 8 9 

psi to 1,000 Are hyper- Adjusted 

Hours bolic sine tangent 
psi psi modulus 
psi 

6290 5980 6270 6230 0.95 0.96 
5000 Ws 6270 6230 vee wa 
3420 3140 3230 3300 0.97 0.95 
1840 1860 1930 1900 0.97 0.98 
1420 at 1930 1900 cae hel 
6130 5650 5780 5660 0.98 1.00 
5740 5400 5780 5660 0.94 0.95 
5750 5650 5780 5660 0.98 1.00 
4500 Se 5780 5660 ane Pee 
3210 2900 2990 3000 0.97 0.97 
3010 3000 2990 3000 1.00 1.00 
2950 aioe 2990 3000 ner oaks 
1840 1710 1760 1720 0.97 0.99 
1750 1710 1760 1720 0.97 0.99 
1670 1670 1760 1720 0.95 0.97 
1430 gait 1760 1720 ee gee 
3390 2950 3160 2970 0.93 0.99 
3090 2940 3160 2970 0.93 0.99 
2950 2920 3160 2970 0.92 0.98 
2150 biel 3160 2970 sheet es 
4200 3680 3870 3830 0.95 0.96 
3950 3760 3870 3830 0.97 0.98 
3690 5 ae 3870 3830 sien tiers 
2280 2020 2150 2030 0.94 1.00 
2080 2050 2150 2030 0.96 1.01 
1260 1270 1330 1170 0.95 1.09 

900 Bae 1330 1170 A Sere Ate 


a Test was terminated at 1,000 hr. since the load was appreciably below the collapse load. 


bR designates rectangular-section and T designates T-section. 


columns resulted in 19 of the 27 columns buckling 
in time intervals ranging from 6 to 1,335 hours. The 
theoretical values of P/A necessary to produce 
buckling in 1,000 hours are listed in Table 5. 
Theoretical values of P/A necessary to produce 
buckling for other time intervals were also calcu- 
lated in order to determine the effect of time to 
collapse on the collapse load. It was assumed that 
the effect of time to collapse was the same for the 
experimental as for the theoretical collapse load; 
in this way the experimental value of P/A neces- 
sary to cause each column to collapse in 1,000 
hours was computed and is listed in Table 5. 


oP =2950 


&, Deflection in inches 


O Z 4 6 8 /0 12 /4 
Time in hundreds of hours 


Figure 39. Deflection-time curves for T-section columns 
of canvas laminate 


The ratios of the experimental to theoretical 
collapse load for 1,000 hours are listed in Table 5. 
The theory was nonconservative by an average of 
4%. It should be noted that these data indicate 
little influence of either slenderness ratio, initial 
eccentricity, cross-sectional shape, or time to col- 
lapse. The agreement between theory and experi- 
ment is considered to be excellent; however, con- 
siderable work is required in making the theoretical 
analysis. To greatly reduce the number of compu- 
tations, it was suggested in Article ILC that the 
modified secant formula (Eq. 20) be used in pre- 
dicting the collapse load. Using Equation 20 and 
-the correction coefficients in Figure 10, the theo- 
retical collapse loads for 1,000 hours were computed, | 
and the ratios of the experimental collapse loads to 
these loads are listed in Table 5. The theory based 
on the modified secant formula was nonconserva- 
tive by an average of 2%. In case the tangent 
modulus load is obtained for e:/eo less than 0.5, 
the column approaches an Euler column, and the 
collapse load is less influenced by the initial eccen- 
tricity of the column. This explains why the theory 
was conservative by 9% for column R63. 

In addition to being able to calculate the col- 
lapse load for an eccentrically loaded column, it 
may also be desirable to calculate the deflection of 
the column for the design load. The creep deflection 
curves shown in Figures 38 and 39 indicate that 
small differences in load result in a large difference 


FAA in thousands of psi 


TYLA in thousands of psi 
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Figure 40. P/A-deflection curves for rectangular-section columns of canvas laminate 
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Figure 41. P/A-deflection curves for T-section columns of 
canvas laminate, 1/r = 50.2 


in deflection, particularly for loads in the neighbor- 
hood-of the collapse load. 

Although the are hyperbolic sine theory for a 
cosine curve assumption of the deflected axis of the 
column was used in predicting the collapse load, 
this theory is not recommended for calculating the 
deflection, since the resulting deflection is non- 
conservative in most cases. The are hyperbolic sine 
theory based on the assumption that the deflected 
axis of the column is a segment of a circle should 
give a conservative estimate of the deflection in all 
cases. P/A-deflection curves based on the latter 
theory are shown in Figures 40 and 41. This theory 
was used in predicting the deflection of columns 
subjected to initial eccentricities of 25% of their 
depths; however, the theory was too conservative 
for predicting the deflection of columns having 
initial eccentricities of 2% and 5% of their depths. 
The modified secant formula (Eq. 20) was used in 
predicting the deflection of columns subjected to the 
smaller eccentricities. 
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Table 6 


Deflection Data for Eccentrically Loaded Columns Made of Canvas Laminate 


Column Depth l/r e/h 
Number h % 
inch time 
R39 0.700 30.0 2 
R42 0.700 70.0 7) 
R46 0.700 30.0 5 
R49 0.700 50.0 5 
R53 0.700 70.0 iy; 
bye 0.730 50.2 5 
R60 0.700 30.0 25 .087 
R64 0.700 70.0 25 0.111 


coooooo 
oS 
ec) 
nse 


Experimental 6 dexperimental/#0theoretical 


For 100 For 1,000 For zero For 100 For 1,000 
hours hours time hours hours 
inch inch 

0.025 0.037 0.83 0.93 0.97 

0.024 0.029 0.50 0.63 0.62 

0.052 0.071 1.02 ue lel 1125, 

0.065 0.096 0.94 1.02 1.43 

0.066 0.093 0.69 0.60 Oe, 

0.053 O07 0.89 0.95 Wem: 

0.175 0.274 ete Ae ee 

0.160 0.215 0.82 0.78 0.90 


2 For e/h of 2 and 5%, the theoretical deflections were based on the modified secant formula. For e/h of 25%, the theoretical deflections were based on 
the are hyperbolic sine theory for segment of circle configuration of deflected axis of column. 


For comparative purposes, the actual deflection 
and the ratio of the actual to the theoretical deflec- 
tion are presented in Table 6 for the columns whose 
loads were sufficiently low that they did not col- 
lapse. The agreement between the theoretical and 
experimental deflection was poor. It is believed that 
the large difference between theory and experiment 
was due to the fact that the test loads were ap- 
proximately 0.8 of the collapse load. Better agree- 
ment would have been expected at lower loads. 


YA = 33,900 


2. Columns Made of 17-7PH Stainless Steel 


A total of 29 eccentrically loaded columns was 
subjected to constant loads at 972° F. in the fixture 
shown in Figure 28. These columns are listed in 
Table 7. All but 4 of these columns had rectangular 
sections and slenderness ratios of 50, 75, and 100. 
The T-section columns had a slenderness ratio of 
60, a depth of 0.604 in., a width of 0.403 in., a flange 
thickness of 0.152 in., and a web thickness of 0.101 


(a) Y=50; Yo=.05 
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| 15,200 


(d) Y=50; %=.25 


(0) 20 40 60 O 20 
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40 60 O 20 40 60 


Time in minutes 


Figure 42. Deflection-time curves for rectangular-section columns of 17-7PH stainless steel 
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in. The initial eccentricities of these columns were 
either 5% or 25% of their depths. 

The deflection-time creep curves are shown in 
Figure 42 for the rectangular-section columns and 
in Figure 43 for the T-section columns. From these 
curves experimental P/A-deflection data were ob- 


tained for zero time and 30 minutes. Representative 


_ ¥a=30,900 psi 
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Figure 43. Deflection-time curves for T-section columns of 
17-7PH stainless steel 


data are shown in Figure 44 for the rectangular- 
section columns with a slenderness ratio of 75 and 
initial eccentricities of 5% and 25% of their depths 
and in Figure 45 for the T-section columns. 

As indicated in Table 7, the experimental values 
of the average stress in the columns resulted in 20 
of the 29 columns buckling in time intervals rang- 
ing from 17 to 70 minutes. The magnitude of P/A 
necessary to cause each column to collapse in 30 
minutes was computed and is listed in Table 7. The 
theoretical collapse load for 30 minutes was com- 
puted based on both the are hyperbolic sine theory 
(corrected by 10% as indicated in Article ITA) 
for consine curve configuration of the deflected col- 
umn and on the modified secant formula using the 
correction coefficients shown in Figure 10. As indi- 
cated in Table 7, the are hyperbolic sine theory was 
conservative by an average of 2% in predicting the 
collapse loads, and the modified secant formula was 
conservative by an average of 5% in predicting the 
collapse loads. As in the case of the canvas laminate 
columns, the data indicate little influence of either 
slenderness ratio, initial eccentricity, cross-sectional 
shape, or time to collapse. 

Nine of the columns listed in Table 7 did not 
buckle. The loads were kept low to compare the 
theoretical and experimental deflections. The ex- 
perimental deflections for zero time and for 30 min- 
utes are listed in Table 8 for each of the 9 columns. 
At zero time the material in each column was elastic 
so that the P/A-deflection curves for zero time were 


(b) Yr =75; Sh=.25 
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PA in thousands of psi 


O Secant formula 


Arc hyperbolic sine (cosine) 
Arc hyperbolic sine (circle) —— —— 
Modified secant formu/ia —— — —— 
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Figure 44, P/A-deflection curves for rectangular-section columns of 17-7PH stainless steel 
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Table 7 
Collapse Load Data for Eccentrically Loaded Columns Made of 17-7PH Stainless Steel and Tested at O72amEs 
2 y / Tin Hipotmenel 1/4 Theoretical P/A ul u 
Depth l/r e/h ime xperimenta eoretica — — 
Meet incl A % minutes Actual Adjusted at 30 Minutes 8 9 
psi to 30 Are hyper- Adjusted 
minutes bolic sine tangent 
psi psi modulus 
psi 
5b .503 50 5 308 26,900 diets, 34,210 33 ,050 agate S08 
Roe 0 503 50 5 34 33,900 34,240 34,210 33,050 1.00 1.04 
R67 0.503 50 5 32 34,800 34,970 34,210 33 ,050 1.02 1.06 
R68 0.423 75 5 308 V4) COOP re ase one 23,100 22,400 Lean ae 
R69 0.422 75 5 308 L7,900)> bese 23,100 22,400 per ae 
R70 0.423 75 4 54 23 ,000 24,610 23,100 22,400 1.07 1510 
R71 0.422 75 5 42 23,100 23 ,920 23,100 22,400 1.04 1.07 
R72 0.422 75 5 17 23,700 22,800 23,100 22,400 0.99 1.02 
R73 0.422 75 5 23, 23,700 23,100 23 ,100 22 ,400 1.00 1.03 
R74 0.422 75 5 18 24,200 23 ,380 23,100 22 ,400 1.01 1.04 
R75 0.424 100 5 308 12) 200s Ween 15,840 15,700 oe Riera 
R76 0.424 100 5 70 15,000 16,300 15,840 15,700 1.03 1.04 
R77 0.425 100 > 33 15,700 15,800 15,840 15,700 1.00 £00 
T78 0.604 60 5 304 24 A00K ees 30,690 29 ,470 ee ata 
T79 0.604 60 5 308 29,6005" #2 e.. 30,690 29 ,470 ee ere 
T80 0.604 60 5 34 30,900 31,220 30,690 29 ,470 1.02 1.02 
T81 0.604 60 5 21 32,300 31,580 30,690 29,470 1.03 cmOT 
R82 0.503 50 25 308 165900, 7 esse 23,100 22,320 oe wees 
R83 0.503 50 25 40 21,900 22,500 23 ,100 22 ,320 0.97 1.01 
R84 0.503 50 25 49 22,100 23 ,240 23,100 22 ,320 1 OF 1.04 
R85 0.503 50 25 31 23,100 23,160 23,100 22 ,320 1.00 1.04 
R86 0.503 50 25 25 24,100 23 ,800 23,100 22,320 1.03 1.07 
R&7 0.421 Ue) 25 308 UD SSOOM Ie etait. 15,620 15,130 » date Ae 
R88 0.422 75 25 70 14,500 16,290 15 ,620 15,130 1.04 1.08 
R89 0.422 715 ao 68 15,200 16,990 15,620 15,130 1.09 1.12 
R90 0.423 75 25 al 15,800 15,850 15,620 15,130 L201 1.05 
R91 0.425 100 25 308 S000” pases 11,000 10,600 sist seat 
R92 0.425 100 25 45 10,900 11,250 11,000 10,600 1.02 1.06 
R93 0.424 100 25 21 11,100 10,800 11,000 10,600 0.98 1.02 


a Test was terminated at 30 minutes since the load was appreciably below the collapse load. 


b R designates rectangular-section and T designates T-section. 


constructed using the secant formula (Eq. 16). 
Figures 44 and 45 show that some of the points did 
not fall on the curve for zero time. 

Each of these columns was also loaded at room 
temperature. If the room temperature deflection 
was found to agree with the secant formula, the de- 
flection for zero time at 972° F. agreed with the 
theory. The 30 minute theoretical deflection for the 
columns subjected to an initial eccentricity of 5% 
of their depths was obtained from the modified 
secant formula. For an initial eccentricity of 25% 
of their depths, the theoretical deflection was ob- 
tained from the arc hyperbolic sine theory based on 
the segment of circle configuration of the deflected 
column. As indicated in Table 8, the theoretical 
deflection for 30 minutes was conservative in all 


cases ranging from 4% to 27%. Even better agree- 
ment between theory and experiment would be ex- 
pected at lower loads. 


3. Columns Made of Ti 155A Titanium Alloy 


A total of 24 eccentrically loaded columns was 
subjected to constant loads at 772° F. in the fixture 
shown in Figure 28. These columns are listed in 
Table 9. All but 4 of the columns were tested in the 
as-received condition. These columns were aged at 
1085° F. following a water quench. The remaining 


4 were aged at 1,000° F. following a water quench. 


Since the inelastic deformation of this material 
at 772° F. was predominantly time independent, the 
interaction curve —moment-load curve theory was 
used in the analysis of the test data. The inter- 


Table 8 
Deflection Data for Eccentrically Loaded Columns Made of 17-7PH Stainless Steel and Tested at 972° F. 


Column Depth l/r e/h 
Number h % 
inch 

R658 0.503 50 5 
R68 0.423 wo 5 
R69 0.422 1h 5 
R75 0.424 100 5 
T78 0.604 60 5 
T79 0.604 60 5 
R82 0.503 50 25 
R87 0.421 765) 25 
R91 0.425 100 25 


® R designates rectangular-section, T designates T-section. 


Experimental 6 dexperimental/Stheoretical 


For For For For 
zero time 30 minutes zero time 30 minutes 
inch inch 
0.016 0.035 1.14 0.95 
0.015 0.023 1.00 0.96 
0.020 0.040 0.87 0.86 
0.025 0.042 0.74 0.93 
0.024 0.052 0.92 0.79 
0.035 0.100 0.957 . .| ites 
0.038 0.066 1.00 0.93 
0.056 0.087 0.98 0.73 
0.074 0.106 0.89 rire 
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action curves shown in Figure 46 were constructed 
using the stress-strain properties listed in Figure 
24b and Equations 21 through 24. The theoretical 
moment-load curves were constructed using Equa- 
tion 26. The solid points shown in Figure 46 are 
experimental points taken on the run as the columns 
were loaded; the open test points were obtained just 
preceding the collapse of the columns. As indicated 


Table 9 


Collapse Load Data for Eccentrically Loaded Columns Made 
of Ti 155A Titanium Alloy and Tested at 772° F. 


Column Depth l/r e/h Time P/A Pexperimental 
Number h % minutes psi. BP igstetieal 
inch ‘ 
Material Aged at 1,085° F 
R948 0.500 50 iy 17 39,300 1.05 
R95 0.501 50 5 26 39,300 1.05 
R96 0.501 50 5 30 39,800 107 
R97 0.421 (hs 5 13 21,400 0.98 
R98 0.421 75 5 26 21,700 1.02 
R99 0.420 (>) 5 27 21,900 1.01 
R100 0.420 100 5 3 13,600 1.06 
R101 0.421 100 5 14 13,600 1.03 
R102 0.421 100 5 30 13,900 1.05 
T103 0.600 60 5 1 31,000 0.91 
T104 0.600 60 5 30 31,400 0.97 
R105 0.501 50 25 30 26,100 1 07 
R106 0.501 50 25 36 26 ,600 1.09 
R107 0.501 50 25 32 25,400 1.04 
R108 0.421 75 25 30 16,200 1.04 
R109 0.421 75 25 28 16,400 1.06 
R110 0.421 75 25 35 16,500 1.06 
R111 0.421 100 25 9 11,000 1.03 
R112 0.420 100 25 25 11,000 1.04 
R113 0.420 100 25 29 11,000 1.04 
Material Aged at 1,000° F 
R114 0.420 75 5 15 22,500 1.00 
R115 “0.420 75 5 14 22,500 1.02 
R116 0.420 75 25 28 17,100 1.00 
R117 0.420 75 25 28 17,100 1.00 


aR designates rectangular-section, T designates T-section. 


in Figure 46 and Table 9, good agreement was found 
between the theoretical and experimental collapse 
loads. 
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Figure 45. P/A-deflection curves for T-section columns of 
17-7PH stainless steel, |/r = 60 
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(c) Rectangular section; Yr =75; (d) T-section; %=.05; 
aged at [000 F aged at /085 F 
oO Ve) 2aK6) ee) /OO 125 oO eae) .5O0 a) 100 125 
WP, 


Figure 46. Moment-load curves for Ti 155A titanium alloy columns 


V. SUMMARY AND CONCLUSIONS 


A. SUMMARY 


This investigation was undertaken to make a 
theoretical and experimental study of creep in 
beams and eccentrically loaded tension members 
and columns for which the action line of the loads 
was parallel to the axis of the members. A theory 
was developed to predict the load-deflection curves 


of members which had been subjected to a constant 


load for a specified time. The stress-strain-time 
relation for the material was obtained from con- 
stant-stress creep curves of the material by letting 
time be a constant to give an isochronous stress- 
strain diagram. It was found that this stress-strain 
diagram could be closely approximated by an arc 
hyperbolic sine curve as given by Equation 3. 

Dimensionless design curves were developed to 
be used in constructing the load-deflection curves 
for beams and eccentrically loaded members. Ex- 
cept for the rectangular cross section, these design 
curves have to be developed for each cross section 
which has different relative dimensions. In the 
case of eccentrically loaded columns subjected to an 
initial eccentricity less than 5% of their depths, 
the load-deflection curves were closely approxi- 
mated by a modified secant formula (Eq. 20) which 
is valid for any cross section and is independent of 
the properties of the material. 

In the experimental part of the investigation, 
tests were run on 117 beams and eccentrically 
loaded members in addition to the tension and com- 
pression creep specimens. These members were 
made of high pressure canvas laminate and of Zytel 
101 nylon tested in a controlled atmosphere room, 
of 17-7PH stainless steel tested at 972° F. and of 
Ti 155A titanium alloy tested at 772° F. The test 
duration was 1,000 hours for plastic test members 


_ and 30 minutes for metal test members. 


B. CONCLUSIONS 


1. The inelastic deformation was predominantly 
time-dependent creep for members made of high 


| pressure canvas laminate and Zytel 101 nylon at 
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room temperature and of 17-7PH stainless steel at 
972° F. The isochronous stress-strain diagrams of 
these materials for any specified time could be 
approximated accurately by an are hyperbolic sine 
curve (Eq. 3). In the case of the Ti 155A titanium 
alloy at 772° F., the inelastic deformation was 
predominantly time independent; the isochronous 
stress-strain diagrams were closely approximated 
by 2 straight lines. 

2. Based on the are hyperbolic sine theory, de- 
sign curves (Fig. 4) were constructed for beams 
having various cross sections. Since the isochronous 
stress-strain relation for the material was obtained 
from constant stress-creep curves, the theoretical 
load for the beams was decreased 5% to compen- 
sate for the fact that the stress distribution changes 
with time. 

3. Two rectangular-section and 2 T-section 
beams each of Zytel 101 nylon and high pressure 
canvas laminate were subjected to pure bending. 
At 1,000 hours the theory was conservative by an 
average of 4% in predicting the deflection of the 
rectangular-section beams and was nonconservative 
by an average of 4% in predicting the deflection of 
the T-section beams. 

4. Two rectangular-section and 2 T-section 
beams of canvas laminate were fixed at each end 
and loaded in the center. The theory was noncon- 
servative in predicting the deflection at 1,000 hours 
by an average of 4% for the rectangular-section 
beams and 17% for the T-section beams. 

5. Two rectangular-section and 2 T-section 
beams of canvas laminate were fixed at one end, 
simply supported at the other end, and loaded in 
the center. The theory was conservative in predict- 
ing the deflection at 1,000 hours by an average of 
2% for the rectangular-section beams and noncon- 
servative by an average of 7% for the T-section 
beams. 

6. Based on the are hyperbolic sine theory, 2 
families of curves were derived for rectangular- 
section and for the T-section eccentrically loaded 
members (Figs. 5 through 8) to be used along with 
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Equations 14 and 15 for constructing theoretical 
load-deflection curves for these members. Since the 
isochronous stress-strain relation for the material 
was obtained from constant-stress creep curves, the 
theoretical load for the eccentrically loaded tension 
members and columns was decreased and increased 
10%, respectively, to compensate for the fact that 
the stress distribution in these members changes 
with time. 

7. Two rectangular-section and 2 T-section 
eccentrically loaded tension members each of Zytel 
101 nylon and high pressure canvas laminate were 
subjected to dead loads for 1,000 hours. The theory, 
based on the assumption that the member de- 
flected into a segment of a circle, was nonconserva- 
tive by an average of 4% in predicting the deflec- 
tion at 1,000 hours. 

8. Four rectangular-section and 6 T-section ec- 
centrically loaded tension members made of 17-7PH 
stainless steel were subjected to constant load for 
30 minutes at 972° F. The theory was nonconserva- 
tive by an average of 4% in predicting the deflec- 
tion of the rectangular-section members and con- 
servative by an average of 7% in predicting the 
deflection of the T-section members. 

9. Nineteen rectangular- and T-section canvas 
laminate columns were subjected to dead loads 
which resulted in the collapse of the columns in 
time intervals ranging from 6 hours to 1,335 hours. 
These columns had slenderness ratios of 30, 50, and 
70 and initial eccentricities of 2%, 5%, and 25% of 
their depths. Twenty rectangular- and T-section 
17-7PH stainless steel columns were subjected to 
constant loads which resulted in collapse of the 
columns in time intervals ranging from 13 minutes 
to 70 minutes. These columns had slenderness ratios 
of 50, 60, 75, and 100 and initial eccentricities of 
5% and 25% of their depths. The are hyperbolic 
sine theory based on cosine configuration of the 
deflected column was nonconservative by an aver- 


age of 4% in predicting the collapse loads for the 

canvas laminate columns and conservative by 2% 

in predicting the collapse loads on the 17-7PH 

stainless steel columns. The theoretical collapse 

load based on modified secant formula (Eq. 20) 

using the correction coefficients given in Figure 10 

was nonconservative by an average of 2% in pre- 

dicting the collapse loads for the canvas laminate 

columns and conservative by 4% in predicting the 

collapse loads for the 17-7PH stainless steel col- 

umns. The difference between the theoretical and 

experimental collapse loads appeared to be inde- 

pendent of the column cross-sectional shape, slen-— 
derness ratio, initial eccentricity, or time to 
collapse. 

10. The modified secant formula (Eq. 20) is in- 
dependent of the column cross section and of the 
properties of the material as long as the isochronous 
stress-strain diagram can be represented by Equa- 
tion 3. The formula can be used without correction 
for predicting the collapse load withn + 10% 
if the initial eccentricity is less than 5% of the 
column depth. The formula can also be used with- 
out correction for predicting the deflection of the 
same columns. For an initial eccentricity of 25% 
of the column depth, the formula can be used for 
predicting the column deflection for loads up to 1% 
the collapse load. 

11. Three rectangular-section eccentrically 
loaded tension members and 24 rectangular- and 
T-section eccentrically loaded columns of Ti 155A 
titanium alloy were subjected to constant load at 
772° F. The theoretical analysis of these members 
was based on the interaction curve-moment-load 


‘curve theory. The theory was nonconservative by 


an average of 9% in predicting the deflection of the 
eccentrically loaded tension members and conserva- 
tive by an average of 3% in predicting the collapse 
load of columns. 


i 
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The Engineering Experiment Station was established by act of the 
University of Illinois Board of Trustees on December 8, 1903. Its pur- 
pose is to conduct engineering investigations that are important to the 
industrial interests of the state. 

The management of the Station is vested in an Executive Staff 
composed of the Dean of Engineering, the Director, the heads of the 
departments in the College of Engineering, the professor in charge of 
Chemical Engineering, and the Director of Engineering Information 
and Publications. This staff is responsible for establishing the general 
policies governing the work of the Station. All members of the College 
of Engineering teaching staff are encouraged to engage in the scien- 
tific research of the Station. 

To make the results of its investigations available to the public, 
the Station publishes a series of bulletins. Occasionally it publishes 
circulars which may contain timely information compiled from various 
sources not readily accessible to the Station clientele or may contain 
important information obtained during the investigation of a particu- 
lar research project but not having a direct bearing on it. A few 
reprints of articles appearing in the technical press and written by 
members of the staff are also published. 

In ordering copies of these publications reference should be made 
to the Engineering Experiment Station Bulletin, Circular, or Reprint 
Series number which is at the upper left hand corner on the cover. 
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